DNA interaction with silver and aluminum nanoparticles in a solution has been investigated with the AFM, SEM, dynamic light scattering, viscometry, and spectral methods. The comparison of DNA interaction with nanoparticles synthesized by the reduction of Ag + ions and with nanoparticles obtained by the electric discharge plasma method was done. DNA metallization in a solution and on -silicon surface with metal nanoparticles or by the reduction of silver ions after their binding to DNA was executed and studied. It was shown that DNA strands with regular location of silver or aluminum nanoparticles can be prepared. The conditions for the formation of silver nanoparticles and silver nanoclusters on DNA were analyzed.
Introduction
The usage of biopolymers for the creation of different nanostructures is now a widely applied technique. At present DNA nanostructures in many cases are formed with the DNA origami technology [1, 2] due to the high specific interactions between complementary bases. An alternative method employs nonspecific interactions in DNA solution for the construction of nanosystems. The manipulations with solvent quality via the change in temperature or in solvent composition, pH and ionic strength variation, utilization of ligand binding, and organization of supramolecular structures in a solution can be extended to the manufacturing of DNA nanostructures. DNA is a unique polymer with extremely high charge density and huge bending stiffness. The relatively stable and tough double helix structure, however, can easily be transformed into a flexible single-stranded conformation. This allows us to use the conformational transitions for the formation of multicomponent systems and nanostructures. The specific binding of different ligands with a macromolecule provides the targeted modification of the polymer chain. One of the amazing challenges is to create nanowires and waveguides by the metallization of DNA molecules [3] [4] [5] . Two alternative approaches can be used for DNA metallization in a solution and on a substrate: the DNA linking with metallic nanoparticles and the reduction of silver ions after their binding to DNA.
In our research the DNA connection with metallic nanoparticles in a solution is considered. The optimization of such an approach can provide its further usage in the construction of multicomponent systems with amazing properties for nanoelectronics, nanooptics, and nanophotonics. Indeed, nanoparticles of noble metals have unique plasmonic properties and different applications [3, 6, 7] . Metal nanoparticles (NPs) play an important role in biomedical applications; for example, they can be employed in biosensor devices, for the diagnostics and treatment of various pathologies. The synthesis of multifunctional plasmonic structures that combine the attractive plasmonic properties of nanoparticles with other functionalities such as photoluminescence is of great interest. Through rational design and engineering, "smart" multifunctional nanomaterials can be used in nanomedicine.
In contrast to nanoparticles, the smallest luminescence metal nanoclusters without plasmonic resonance can also be used for the bioimaging and other applications [8] [9] [10] [11] [12] [13] . The noble metal quantum clusters (NMQCs) have intriguing photophysical and chemical properties. They have luminescence in the visible region of spectrum. The synthesis of NMQCs on macromolecules in the liquid phase produces polymers with amazing properties for numerous optical and bioimaging applications. The use of DNA as template for the creation of such systems can provide possibilities for new applications. It can give a way, for example, to detect the specific sequences on DNA. The dsDNA has only few positions for NMQCs arising in contrast to ssDNA with numerous sites for the binding of cations. New results for NMQCs synthesis on the doublestranded DNA raise new questions about the localization of clusters and DNA conformation.
From the discussed above it follows that DNA metallization is a promising approach for the creation of perspective systems for new technologies. Indeed, the metal nanoparticle plasmonics is a rapidly developed technique. Plasmon effects in nanocomposite materials lead to a strong local field enhancement of incident electromagnetic wave influence on a sample. The incorporation of nanoparticles into polymer systems can be used for engineering of structures with desired optical properties. The incorporation of colloidal nanoparticles into macroscopic aggregates using DNA as linking element was performed in [14] . This strategy allows one to control the distance between particles and their properties in the targeted macroscopic structure. Using double-stranded DNA we can prepare structures with modified properties. For example, we can create the polyplexes (DNA-polymer complexes) with NPs via self-assembling in a solution.
In our research we use high molecular double-stranded DNA for the formation structures with metal nanoparticles or nanoclusters. This approach can turn the application of these systems from biological area to nanoelectronics, nanophotonics, and new material production.
Materials and Methods

Materials.
Calf thymus DNA with the molecular mass = 8 × 10 6 determined from DNA intrinsic viscosity in 0.15 M NaCl was used. DNA and other chemicals (AgNO 3 , NaBH 4 , and MgCl 2 ) were acquired in the Sigma company.
Silver (Ag-NPs-1) and aluminum (Al-NPs) nanoparticles were obtained with the electric discharge plasma method [15] . Silver nanoparticles were also synthesized in a water solution by the reduction of Ag + ions, usually at AgNO 3 concentration 8 × 10 −5 M with 10 −4 M NaBH 4 (Ag-NPs-2), or were obtained according to the procedure described in [16] (Ag-NPs-3). 
Dynamic Light Scattering (DLS).
Experiments were carried out using the "PhotoCor Complex" (Photocor Instruments, Inc., Moscow, Russia) apparatus. It comprised a digital correlator (288 channels, 10 ns), standard goniometer (10-150 ∘ ), and a thermostat with the temperature stabilization of 0.05 ∘ C. A single mode solid-state linear polarized laser (wavelength = 654 nm) was used as an excitation source. The normalized intensity homodyne autocorrelation functions were fitted by the ILT regularization procedure incorporated in the "DynaLS" software providing the relaxation time and the hydrodynamic radius distributions.
Spectral Methods.
Circular dichroism spectra of DNA were registered with the Mark IV autodichrograph (Jobin Ivon). Absorption spectra were recorded with a SF-56 spectrophotometer (Russia). Luminescence spectra were obtained with a Hitachi-850 using a 1 cm quartz cuvette. The luminescence excitation and emission spectra were corrected for the spectral sensitivity of the instrument.
Scanning Microscopy.
Atomic Force Microscopy (AFM) images were obtained with the tapping mode and the direct scanning methods with NanoScope 4a (Veeco) and Ntegra Spectra NT-MDT (Russia) devices. Samples were prepared by DNA fixation on mica surface with MgCl 2 addition into a solution. The drop of solution was placed on the surface of mica followed by washing the sample with distilled water and drying under vacuum. We use also -silicon substrates without modification after etching with hydrofluoric acid. It should be noted that if the drop of solution was only dried (the sample was not washed) the images show the formation of aggregates. Therefore, we waited for 10 minutes after applying a drop of solution onto the silicon surface. After that the substrate was washed with distilled water and dried.
The scanning electron microscopes (SEM) Zeiss Merlin, Zeiss SUPRA 40VPSEM, and scanning ion helium microscope (Zeiss ORION) of the Saint Petersburg State University Resource Center "Nanotechnology" were used.
Results and Discussion
Silver nanoparticles Ag-NPs-1 and Ag-NPs-2 have similar plasmon resonance peaks ( Figure 1 ). They show good stability in aqueous solutions. The spectral properties of Ag-NPs-1 were examined during 3 months. They have not shown any visible changes. The hydrodynamic radius of nanoparticles was obtained from DLS data. The translation diffusion coefficient was calculated from the slope of the linear Journal of Nanomaterials 3
400 600 800 It was shown that Ag-NPs-1 and Ag-NPs-2 do not interact with the DNA molecule in a solution. Indeed, neither DNA absorption spectrum nor plasmon resonance peak is changed after the mixing of DNA and NPs in a solution (Figure 4(a) ). Note that the high concentration of nanoparticles induces the light scattering in a solution, so the CD spectra for nonmolecular systems cannot reflect the real optical activity of DNA. Nevertheless, at small amount of NPs in a solution the DNA CD spectrum is practically unchanged (Figure 4(b) ). The volume of DNA molecule also does not change with the addition of Ag-NPs-1 and Ag-NPs-2 into the solution (Figure 4(c) ).
The AFM images of DNA with NPs on mica surface fixed with Mg 2+ ions are presented in Figure 5 . When we use the solutions of dsDNA (double-stranded DNA) in 5 mM NaNO 3 with Ag-NPs-1 or Ag-NPs-2 the nanoparticles and DNA are located on the mica surface separately from each other, except for a few contacts ( Figure 5 ). The shape of Ag-NPs-1 and Ag-NPs-2 is close to spherical. After the thermal denaturation of DNA one can see the emergence of DNA-Ag-NPs contacts. At high temperatures the DNA molecule becomes more flexible and hydrophobic bases open to contact with water. We suppose that DNA denaturation facilitates the DNA binding with silver nanoparticles.
Another type of silver nanoparticles, Ag-NPs-3, was prepared in a solution according to [16] AspRatio is the relation of axis for the equivalent ellipsoid from the rotational diffusion coefficient.
of NPs (Table 1 ) and the minor fraction of the smallest nanoparticles observed in DLS and SEM experiments. The addition of DNA into colloids with different silver nanoparticles (Ag-NPs-3) does not cause a significant transformation of the plasmon peak, but DNA stabilizes the colloid. The examination of DNA conformation after the addition of Ag-NPs-3 shows the destruction of DNA doublestranded structure due to the high pH value in a colloid according to the selected procedure of the NPs synthesis. The interaction of Ag-NPs-3 with DNA causes in this case the organization of DNA associates with silver nanoparticles, as seen in SEM images (Figure 7 ). It should be noted that hydrophobic silicon can induce the formation of associates on the substrate.
All the results described above were obtained after mixing the DNA and NPs solutions. It was shown that silver nanoparticles do not interact with dsDNA in a solution. The destruction of the DNA secondary structure (by heating or by changing pH) allows them to interact.
The preliminary DNA fixation on the substrate may lead to other results. Indeed, the location of DNA on a silicon surface followed by the addition of a small drop of colloid with Ag-NPs-1 causes the attraction of NPs to the area on silicon with fixed DNA (Figure 8 ) in contrast to the lack of interaction in the solution for the same components Journal of Nanomaterials (see Figure 5 ). DNA molecules were fixed on the -silicon surface according to the procedure described in [5] . As a result, nanoparticles completely cover the DNA strands on the -silicon surface (Figure 8 ). Actually, as it has been shown previously, the DNA fixation alters the electrical properties of -silicon [17, 18] . We believe that this is exactly the substrate that provides the fixation of Ag-NPs-1 on DNA. As an additional control method of metallization of DNA on silicon surface we use a scanning ion helium microscope (SIM). The pictures were made during the registration of secondary electrons in the microscope (SIM). The pictures were made during the registration of secondary electrons in the scanning beam of helium ions (33 keV). The small ion beam current (less than 1 pA) has no significant negative impact on the object under study.
In this way we can suppose only a very weak binding of silver NPs with double-stranded DNA (dsDNA) in a solution and a much more significant binding of silver nanoparticles with DNA fixed on the substrate due to thesilicon influence. Indeed, the AFM images of dsDNA fixed on the silicon surface from the solution with Ag-NPs-1 and Ag-NPs-2 show only few NPs on DNA chains ( Figure 5 ), in spite of the fact that the destabilization of the DNA secondary structure by heating or due to the change in pH leads to a quite significant binding of nanoparticles to ssDNA ( Figures  5 and 7) . It was shown earlier [5] that the addition of a drop of solution with reducing agent on the surface with fixed DNA-Ag + complexes induces the formation of DNA-silver nanowires, and the silicon provides additional electrons for the reduction of silver ions. The specific way of DNA fixation, the selection of silver ions, and reductant concentrations can lead to the fabrication of ordered DNA fibers on silicon with the regular arrangement of silver nanoparticles on DNA strands ( Figure 9) .
It is interesting to compare the behavior of silver and aluminum nanoparticles in DNA solutions. The Al-NPs in water were in a partially oxidized state and show a rather good stability. For AFM measurements the mica were modified with APS according to the procedure described in [19] . The Al-NPs in a solution consist of spherical particles with the diameter varying from 10 to 150 nm and rod-like structures with a typical width of 3-5 nm and the length of 200 nm (Figures 10(a) and 10(b) ).
Size distribution for Al-NPs (DLS data) has two modes which give two values: (41 ± 2) nm and (110 ± 4) nm (Figures 10(c) and 10(d) ).
It was observed that the spectral properties of DNA are practically unchanged after adding the Al-NPs (Figure 11 ). The partial precipitation was observed after the centrifugation of the resulting colloid for 15 min at 18000 rot/min. As a result, the examination of the bottom fraction in a solution without sediment with the SEM technique shows a net of DNA molecules on -silicon surface with small metal NPs of the same size located exclusively on DNA strands ( Figure 12) .
We can conclude that DNA separates and binds only small spherical Al-NPs from the polydisperse system. The rodlike and large spherical particles do not produce the regular sites of binding on DNA. We can see big aggregates of DNA molecules containing different Al-NPs on the silicon surface as well. It is known that the reduction of Ag + ions after their binding to DNA in a solution can produce two different silver nanostructures: nanoparticles with plasmon resonance and small fluorescent nanoclusters. The synthesis of Ag-NPs-2 directly in the DNA solution produces the red shift and widening of the plasmonic band relative to that observed for the same system without DNA (Figure 13(a) ). The plasmon peak in the DNA solution with AgNO 3 and 5 mM NaNO 3 was registered at 380 nm 1 minute after the sequential addition of sodium borohydride (spectrum 2). This is a result of fast reduction of free Ag + ions in DNA solution and formation of Ag-NPs-2. In 75 minutes the increase in the intensity of the plasmon peak with its red shift was observed (spectrum 4). We suppose that a fast reduction of free silver ions in a solution is followed by slow formation of Ag-NPs on DNA strands. In this case the subtraction of spectrum 2 from spectrum 4 gives spectrum 5 for the fraction of NPs on DNA with plasmon peak at 396 nm.
It is interesting to note that together with the synthesis of nanoparticles on DNA (Figure 13(a) ), at low Ag + concentration in DNA solutions with the shortage of Ag + ions outside the helix, the reduction of silver ions causes the formation of the luminescent silver nanoclusters (Figure 13(b) ). The small size of silver nanoclusters (up to 20 atoms) prevents the analysis of the systems with AFM technique [13] . At small concentrations of silver ions and the reductant in DNA solutions, the fluorescence of silver nanoclusters is observed. In this case almost all silver ions must be associated with DNA bases, and their reduction leads to the slow (in 1 day) formation of metallic nanoclusters within double helix in contrast to a relatively fast formation (about 1 hour) of silver NPs on DNA (Figure 13(a) ). The adjacent nitrogen bases with potential binding sites for positive ions, usually guanines (N7G), determine the initial size of clusters with specific spectral band in Figure 13(b) . We can suppose also that the reduction of silver ions destabilizes the DNA secondary structure, and hydrophobic bases form something like the stabilizing shell around each cluster. After the destruction of hydrogen bonds the additional sites for Ag + binding and cluster location (e.g., N3C and N1A) become available. The hydrophobic environment within double helix and the formation of a shell around clusters promote their stabilization from oxidation. Each NCs fraction has its own absorption and emission bands. It was shown that the excitation at 270 nm (within the DNA absorption band) causes the luminescence of all clusters [13] . Silver ions can form the coordination bonds with N atoms of nitrogen bases. This strong binding provides a stable linkage of silver to DNA. We propose that exactly these ions participate in NCs formation on dsDNA (and ssDNA).
Another result can be observed at the excess of Ag + ions in DNA solution, when all the binding sites on the bases are filled, and the solution contains also many free silver ions or ions associated with phosphate groups outside the helix. In this case the formation of nanoparticles with the appearance of the plasmon peak is observed, and the fluorescence is completely absent. We never have seen quite reliable appearance of silver nanoclusters on DNA after the addition of Ag-NPs into DNA solution or after the formation of Ag-NPs-2 and Ag-NPs-3 in DNA solution. Thus, the equilibrium is shifted towards the formation of nanoparticles during the reduction of silver ions in DNA solution. It should be emphasized that for the formation of silver NPs (or silver nanoclusters) on DNA strands the preliminary binding of silver ions to DNA bases is necessary. Accordingly, there are two alternative ways for DNA metallization in a solution via the reduction of silver ions: the formation of small fluorescent silver clusters within the helix (1) or the appearance of silver nanoparticles on DNA strands. Choice of the way is determined by Ag + , reductant, and DNA concentrations in a solution.
We examined DNA with Ag-NPs-2 and Ag-NPs-3 after the reduction of silver ions in DNA solution by AFM method (Figure 14) . The images show the localization of Ag-NPs-2 directly on DNA chain (Figures 14(a) and 14(b) ). When we use the metallization of DNA with the forming of triangle AgNPs-3 the result indicates that DNA prefers small spherical particles for the binding (Figures 14(c) and 14(d) ).
CD spectra (Figure 15(a) ) and the intrinsic viscosity (Figure 15(b) ) of DNA after its metallization in a solution indicate the changes in the optical properties and in the volume of macromolecular coil. This result shows that nanoparticles localize on the DNA chain and influence the DNA structure. Indeed, DNA metallization causes the destabilization of the double helix. The decrease in the DNA intrinsic viscosity [ ] (this value is determined as a result of extrapolation of the dependence of ( − 1)/ on in Figure 15 (b) to zero concentration of DNA) demonstrates the decrease in DNA persistent length. Indeed, the quality of solvent does not change. The reduction of silver on DNA breaks the hydrogen bonds between the bases and destroys stacking. The change in the volume of the molecular coil over time reflects the fall in the DNA rigidity. CD spectra of DNA in solutions with preprepared particles coincide with those for DNA in 5 mM NaNO 3 . The addition of Ag + ions as well as their reduction in DNA solution causes changes in CD spectrum (Figure 15(a) ).
Conclusions
It was shown that dsDNA does not interact with Ag-NPs-1 and Ag-NPs-2 in a solution. After the destabilization of its secondary structure the interaction can occur. DNA metallization on the -silicon surface can produce systems with regular silver nanoparticles on DNA strands. The reduction of silver ions in a solution after their binding to DNA causes the fluorescence of silver nanoclusters when excited in the visible or ultraviolet region of the spectrum, or effect of plasmon resonance due to the formation of silver nanoparticles. We can observe free Ag-NPs and nanoparticles joined to the DNA strands. The sites of growth for NPs on DNA as well as the points of NCs localization can be determined by the initial location of Ag + ions. As it was mentioned above, the negative DNA phosphates and N7 guanine within the major groove are the possible positions for the binding of positive agents. Silver can coordinate to N atoms on DNA strands, whereas the oxygen of phosphates cannot participate in a stable complex with Ag + . The reduction of silver ions within the major groove of DNA destabilizes double helix. The alternative in the appearance of luminescent nanoclusters versus the fabrication of nanoparticles on DNA and outside the helix is the main intrigue of DNA metallization in a solution. In both cases silver ions on the bases in the major groove of DNA represent the initial points of silver nucleation for the formation of nanoclusters or nanoparticles. Only the absence of free Ag + ions in a solution can promote the formation of clusters inside the helix.
The selectivity is observed in DNA binding with Al-NPs. The small spherical particles can form regular sites of binding on DNA strands.
Our studies have shown that use of a variety of conditions for the reduction of silver in DNA solution allows us to get various ordered structures in solutions and on substrates with a given location of metallic silver under the form of nanoparticles or nanoclusters. Furthermore, it is possible to influence the optical properties of such systems.
